DNA sequences coding for protein may be represented by counts of nucleotides or codons. A complete reading frame may be abbreviated by its base count, e.g. ATJC^G^IT/^ or with the corresponding codon table, e.g. (AAA) o (AAC) 1 (AAG) 9 ...(TTT)o. We propose that these numerical designations be used to augment current methods of sequence annotation. Because base counts and codon tables do not require revision as knowledge of function evolves, they are well-suited to act as cross-references, for example to identify redundant GenBank entries. These descriptors may be compared, in place of DNA sequences, to extract homologous genes from large databases. This approach permits rapid searching with good selectivity.
INTRODUCTION
The annotation of DNA sequences in databases needs consideration and, we submit, supplementation, in the light of their present cataloging in GenBank and elsewhere. This viewpoint is emphasized by the existence of identical sequences listed under different names. We have found many examples of this, so that the actual number of different genes is considerably smaller than the number of described reading frames. Current indexing methods do not permit these duplicates to be detected easily. A related problem is the inconsistent description of related (i.e. orthologous) sequences from different organisms. Accordingly, it is often necessary to perform a computationally intensive search of DNA sequences in order to selectively extract homologous sequences.
These problems are likely to persist as the databases continue to expand. The GenBank (1) nucleic acid sequence database (release 69.0, 1991) describes 55,631 loci representing 71,947,426 bases and is 9.0% larger (in bases) than the previous release. The total size of the database, including indices, is nearly 300 megabytes and it is growing at a nearly exponential rate (2). As efforts to sequence the human and other genomes proceed, this growth is expected to continue. Managing this information and making it easily accessible has been identified as one of the major challenges of the human genome project. Now that nucleotide sequences of thousands of genes are available, it is timely to consider additional methods of classification.
In the present communication, we evaluate two simple methods for specifically characterizing protein-coding sequences. The first is the base count. All nucleotide sequences can be described by four independent variables: the numbers of each of the four bases A, C, G and T(U). As an example, the human zeta-globin gene sequence (3) , excluding introns and including initiation and stop codons, contains 429 nucleotides distributed as A 76 Ci58Gi2|T 7 4 . Like a molecular formula, this designation lists the number of each component, but contains no information about their arrangement. A second, more informative, description is the codon table, a list of the frequencies of each of the 64 codons. A codon table provides the amino acid composition of the corresponding protein and the pattern of synonymous codon usage of the gene.
RESULTS AND DISCUSSION

Limitations of Functional Annotation
Gene and DNA sequence nomenclature is primarily based on knowledge of function. For example, the Guidelines for Human Gene Nomenclature (4) ' . Human loci are typically represented by a few alphanumeric characters chosen to abbreviate function, e.g. G6PD, HPRT, and HBB for glucose-6-phosphate-dehydrogenase, hypoxanthinephosophoribosyl transferase, and hemoglobin beta respectively (4). Sequence files in GenBank are usually described according to functional criteria. Annotated sequences are described with a LOCUS name, a few characters chosen to abbreviate the source organism and function, a DEFINITION, a further brief description of function, and KEYWORDS. Each file is identified with an ACCESSION number, a code that carries no information about the associated data (2).
There are several limitations associated with using functionbased descriptions by themselves to identify gene sequences. First, a sequence may have more than one function. For example, the metabolic enzyme lactate dehydrogenase B 4 and the structural protein epsilon-crystallin of lens are the same protein in duck, coded by a single gene (5) . In these cases it may not be obvious which function should be given priority in classification. Second, a gene's function may be poorly understood or even unknown even after its nucleotide sequence has been determined. Consequently, descriptions based on function are subject to change as knowledge is acquired, necessitating frequent revision of the corresponding nomenclature. The human p53 tumor suppressor gene has at different times been classified as a tumor antigen, oncoprotein, and tumor suppressor (6) . The mouse gene int-1 was renamed wnt to avoid confusion with two unrelated genes, int-2 and int-3 (7) . Recently, several hundred cDNAs from human brain were partially sequenced, including many of unknown function (8) . Efforts to sequence the human and other genomes will produce many more sequences whose function cannot be immediately described. Third, functional terms and abbreviations are difficult to standardize and apply consistently. For example, terms such as 'protease' and 'proteinase' are often used interchangeably. Zeta-globin is abbreviated HBA1, XIHB, AZGLO, and ZGL in GenBank LOCUS names for this sequence from human, chimp, and horse. Fourth, a large number of sequences may be found to have the same or similar function, and may not be easily distinguished on this basis. It has been predicted that the human genome may code for a thousand kinases and a thousand phosphatases (9) . As the databases continue to grow, the utility of terms such as 'kinase' for database queries will be diminished. Finally, decriptions based on function convey but little information about the presence or absence of evolutionary relationships, which may be of great interest.
Database Redundancy and Variations in Annotation
There are many possible ways to describe the same sequence in functional terms and these descriptions, for the reasons mentioned above, often do not converge. Not surprisingly, databases such as GenBank contain many redundant entries, i.e. the same (or nearly identical) gene sequence may be present in more than one file with different annotation. Wada et al. (10) extracted codon tables for 1,490 human sequences from release 62.0 of GenBank. Of these, 365 duplicate another codon table with 64, 62, 60 or 58 matches, suggesting sequences that differ by only 0, 1, 2, or 3 nucleotide substitutions, respectively. This indicates that about 25% of these entries are redundant in the (17); inhibition of blood coagulation inhibition may not be a physiological function.
Duplicate entries such as these are difficult to detect on the basis of annotation. GenBank provides indices based on accession number, keyword phrase, author name, journal citation, and gene symbol (2). These may be insufficient for locating related sequences, because, as the previous example demonstrates, even identical nucleotide sequences may be differently annotated. For example, to retrieve all six files containing the endonexin II sequence with a search of the keyword index, the minimum set of keywords needed is 'anticoagulant', 'coagulation', 'endonexin', and 'lipocortin'. Even if this combination could be anticipated in advance, such a search has poor selectivity; many additional unwanted records are retrieved. Alternatively, one may scan the DNA sequences themselves, rather than the associated annotation, but this approach is computationally expensive. Nucleotide sequences typically contain far more information than is needed to uniquely select a gene from a database and have variable lengths, necessitating alignment before comparison.
A related problem is the extraction of homologous sequences from different organisms. Homologous genes are even less likely to be described consistently then are multiple submissions of the same gene. Table 1 lists some examples of closely related human and rodent gene sequences with different GenBank definitions.
Base Counts and Codon Tables
As a supplement to functional annotation, we turned to one of the simplest characterizations of a coding sequence, its nucleotide content, and found that this characterization gives a concise and surprisingly distinctive identification of a gene's coding sequence. Identical sequences necessarily have the same base counts, but Table 2 . Sequences having 0, 1, 2, 3, or 4 matches with the base count of the human zeta-globin gene. Human zeta-globin base count, A7 6 C|3gG|2|T7 4 , was compared to those of 9,037 complete coding sequences from GenBank 62.0. GenBank LOCUS names HUMXIHB and HUMHBA1 both represent the human zeta-globin sequence, HUMHBA4# 1 and HUMHBA4 02 the (identical) human alpha-1-and alpha-2-globin genes, and ECORPSFRI # 2 an unidentified reading frame of £ coli. ECORPSFRI #2, A^TgG^T,,,, has matching counts of A and T, HUMHBA4S 1 and HUMHBA4#2 (both A^C^TGIJIT,^, have the same counts of G and T. 7 4 , to those of 9,037 other complete reading frames. Base counts were derived from codon usage tables extracted from release 62.0 of GenBank by Wada et al. (3) . Genes corresponded to the primate (PRI), rodent (ROD), other mammal (MAM), other vertebrate (VRT), invertebrate (INV), plant, fungi, algae (PLN), organelle (ORG), and bacteria (BCT) divisions of GenBank. Sequences from the viral (VRL), phage (PHG) and unannotated (UNA) divisions of GenBank were not included. All comparisons were done using microcomputers. For each comparison, the number of matches, i.e. either A = 76, C = 158, G = 121, or T = 74, with the human zeta-globin base count was tabulated. Table 2 summarizes the results. Remarkably, only 111 (1.23%) of the 9,037 comparisons produced the same count of any one base. Only three (0.033%) have the same counts of 2 bases. Two of these three are for homologous human alpha-1 and alpha-2 globins, the third is for an unidentified reading frame off. coli. None have identical counts of 3 of four bases. When the numbers of all four bases are the same, the sequences are identical as well.
Matches Sequences GenBank LOCUS
Based on Table 2 , the chance of a pair of unrelated genes having the same count of any of the four bases can be roughly 4 . The chance of a given pair of unrelated genes having the same count of all four bases is about 1 in 10 8 . The base count is therefore sufficient to winnow out a coding sequence from millions of others.
Sequences that are nearly identical, i.e. those differing by point mutations or sequencing errors, necessarily have similar base counts and may be recognized on this basis. Accordingly, base counts may be used to selectively retrieve closely related sequences from databases. We compared a base count for the human p53 tumor suppressor gene (18) , A276C364G308T234, to 9,037 others. Each comparison was assigned a score equal to the Euclidean distance between base counts: [(A-276)
2 + (C-364) 2 + (G-308) 2 + (T-234) 2 ]" 2 . The 10 lowest scores are listed in Table 3 with the corresponding base counts. The five lowest scores, all associated with human p53 sequences, are easily distinguished from the bulk of the comparisons.
Codon tables may be used to identify sequences in much the same way. Codon tables for the zeta-globin genes of human, chimp and horse are given in Table 4 . The three sequences are homologous, relatively short (143 codons), and have a pattern of synonymous codon choice that is biased towards G and C in codon third positions. Nevertheless, the three genes can be easily differentiated on the basis of codon usage. The human and chimp tables differ in usage of 10 of 64 codons, the human and horse differ in usage of 30 of 64 codons. Although the codon table does not define the order in which the codons appear and therefore the sequence of the gene, the chance that two unrelated sequences would have the same codon table is negligible. Consequently, codon usage may function to identify a sequence uniquely. Of course, identical coding sequences, such as those arising from recent gene duplication or conversion events, will have identical codon tables and cannot be distinguished on this basis. Older duplicated coding sequences may be differentiated even if the corresponding protein is perfectly conserved. For example, two human calmodulin genes, AmCggG^gTgg and AI^CHOGI^TK^, code an identical amino acid sequence with a very different pattern of synonymous codon usage (19) .
Homologous genes from different organisms can be expected to have different codon tables on account of nucleotide substitutions in the corresponding genes, especially those occuring in silent (degenerate) sites of codons. Coding sequences evolve primarily through the substitution of one base for another or through the deletion or insertion of triplets of bases. The deletion or addition of a single triplet causes one entry in the corresponding codon table to change. Each single nucleotide substitution, silent or replacement, alters two entries. Silent nucleotide substitutions typically occur in nuclear genes of vertebrates at a rate of about one per 200 sites per million years (20) . Accordingly, even genes coding for a protein whose amino acid sequence has been perfectly conserved, may be easily distinguished on the basis of codon tables or base counts. Because there is a very large number of ways to code a typical protein using different numbers of table is said to match the zeta-globin table when it has the same number of a particular codon, e.g. TTC 7 ( Table 4) . The numbers of genes having from 1 to 64 matches are shown. The average number of matches is 10.3. GenBank LOCUS names WHTH3, GOTAGLZ2, CHPAZGLO, HUMHBA1, and HUMXIHB represent wheat rustone H3 (33 matches), goat zeta-globin (35 matches), chimp zeta-globin (54 matches), and human zeta-globin (two entries, 64 matches), respectively. synonymous codons, the likelihood that orthologous genes should reconverge on the same codon table is slight.
The human zeta-globin gene was again compared to 9,037 sequences from GenBank 62.0, but this time using codon tables rather than base counts. Figure 1 summarizes the distribution of numbers of matches between the hemoglobin zeta-globin table and those of the other genes. The zeta-globin gene of chimpanzee is the only other codon table having more than 35/64 matches. The average number of matches is 10.3. If we assume, based on Figure 1 , that the chance of a pair of unrelated genes having the same number of a particular codon is less than 0.2, then it follows that the likelihood of a pair of unrelated sequences having identical usage of all codons is less than (0.2) 64 = 1.8x 10~4 5 .
Base counts and codon tables may serve as the basis of a gene index based on sequence that can be used to cross-reference other information such as GenBank DEFINITIONS and LOCUS names. Table 5 contains a partial listing of human coding sequences sorted by base count. Entries correspond to human Table 5 . Human gene index based on base counts. This is a partial listing of a directory of 1,490 complete reading frames for human genes from GenBank 62.0. Entries are listed in order of increasing A, C, G, T, respectively. Identical and nearly identical entries are marked with an asterisk. Base counts were derived from codon usage tables (3). genes from GenBank 62.0 with A285 to A288 inclusive.. Such an index, ordered by base counts or codon tables, can be used like a telephone directory to help locate similar database entries or searched rapidly using simple computer algorithms.
Finding Homologous Genes
In addition to providing a 'fingerprint' to identify sequences (Figure 1) , information in the codon table may be used to infer evolutionary relationships. The advantage of this approach is that it does not require sequence alignment and large amounts of computation. We have used the following difference formula to compare codon tables:
where N h and N 2i represent the counts of synonymous codons for each of the 20 amino acids and L, and L2 represent the total number of codons in two sequences represented by codon tables. Additionally, the terms in the sum corresponding to Cys and Trp are weighted by 5 and those corresponding to Gly, Pro, Phe, Leu, and Tyr are weighted by 2 because these amino acids typically undergo replacement less frequently than the others (21) . This measure, like those proposed by Comish-Bowden (22, 23) , relies on amino acid composition to predict sequence similarity.
As an example, the codon table for the human green photoreceptor pigment sequence (24) was compared to those of 9,037 sequences from GenBank 62.0 using the above formula. The most similar scores are listed in Table 6 . The recently diverged (30 MY A, 24) red cone pigment is readily distinguished from unrelated sequences and is followed by several homologous opsins and G-coupled proteins. The blue cone pigment protein, ranked sixth in similarity, has 44% amino acid identity and is estimated to have diverged at least 500 MY A (24). Table 7 shows the results of a similar comparison of the human zeta-globin codon table (Table 4 ) with the others. Again, only the lowest scores, resulting from the closest similarities, are shown. The six most similar are the zeta-globins of various organisms and these are followed by 52 other globins until the first non-globin (human prealbumin) is reached. The amino acid composition and size of human prealbumin are similar to globins.
Because it is computationally simple, this method is relatively fast. The searches shown in Tables 6 and 7 each require less than 15 seconds on a microcomputer. This technique, based on global comparisons, is necessarily limited to complete coding sequences, however.
Identifying Loci
It may be possible to designate protein-coding genes with base counts and codon tables, although there are several difficulties with this approach. More than one sequence, and therefore multiple designations, may accrue to a particular locus because of population variation or sequencing errors {e.g. Table 3 ). Accordingly, a convention would have to be devised for deciding which sequence to use as the standard and symbols would have to be revised if a reported coding sequence was found to be in error. Another circumstance is that, because of gene duplication, the same sequence may exist at multiple loci. These would have to be distinguished by considering additional characters such as chromosomal location. Definition human zeta-globin human zeta-globin chimpanzee zeta globin goat zeta-globin horse zeta-globin horse zeta-globin duck embryonic alpha-globin pi Xenopus laevis tadpole alpha-globin Xenopus tropicalis alpha-globin beta-globins, various organisms) soybean leghemoglobin i Xenopus laevis alpha-2-globin Xenopus laevis beta-1-globin rhesus monkey gamma-globin rhesus monkey gamma-globin Xenopus tropicalis alpha-globin mouse embryonic beta-globin HI chimpanzee G-gamma-globin human beta-globin orangutan gamma-1-globin duck alpha-d-globin duck alpha-II globin bovine epsilon-2 beta-globin human beta globin human prealbumin human prealbumin chicken rho-globin chicken rho'-globin human prealbumin human prealbumin human prealbumin orangutan gamma-2-globin Xenopus laevis alpha(I)-globin
Limitations of numerical classification
A disadvantage of the methods we have discussed is that they require the coding sequence of a gene to have been completely and accurately determined; partial coding sequences cannot be described. If the sequence or boundaries of a reported coding region are later found to be in error, the corresponding base count and codon table would also have to be revised. Nucleotide sequences that differ only in non-coding regions (or in chromosomal location) will necessarily have the same description and cannot be differentiated solely by these means. Finally, numerical descriptions are not evocative, unlike mnemonics that are suggestive of function.
CONCLUSION
We have described simple methods for characterizing the nucleotide sequences of genes. Numerical classification of coding sequences is useful for two reasons. First, sequence-based designations, such as base counts and codon tables, do not require revision as knowledge of function evolves. Accordingly, these descriptors are well-suited to cross-reference entries within or between databases. Second, sequence-based annotation provides information that can be used to infer evolutionary relationships, without the need to align actual nucleotide sequences. These methods may be used to complement the annotation used in GenBank and elsewhere.
